A major goal for neuroscientists over the past 1&20 years has been the understanding of the mechanism and control of membrane excitability in the mammalian central nervous system (CNS). To realize this ambition, various methods and techniques have been evolved to study drugand voltage-operated membrane ion channels, which have required the manipulation of CNS tissue.
A large majority of these techniques, both biochemical and electrophysiological, have involved the use of brain slices, membrane homogenates and also dissociated and organotypic tissue culture preparations. In all three situations, the drug receptors and associated ionophores resided in the native neuronal/glial membrane and were not always ideally placed for study. As an alternative, we have effectively transferred some of the apparatus mediating CNS membrane excitability, such as certain drug receptors and voltage-activated ion channels, from their neuronal environment, into the cell membrane of the Xenopus oocyte, by utilizing the translation of exogenous mRNA. This preparation has been a highly convenient medium for electrophysiological and radioligand-binding studies on drug Abbreviations used: CNS. central nervous system; GABA. 7-aminobutyric acid; 3-APS. 3-aminopropanesulphonic acid; GABOB. ?-amino-/]-hydroxybutyric acid: GUAC, guanidoacetic acid; TBPS. t-butylbicyclophosphorothionate; TTX, tetrodotoxin; ACh, acetylcholine.
receptors and ion channels. In addition, it offers the potential advantage of being able to study the molecular construction of membrane proteins which can be modified by injecting different combinations of specified mRNAs known to be important for the synthesis of various subunits of the receptor protein. Any functional changes in the protein(s) which gate an ion channel can then be directly monitored using an electrophysiological approach.
Using the oocyte system, we have studied the properties of induced y-aminobutyric acid (GABA) and glycine receptors, expressed after the injection of vertebrate CNS mRNA into Xenopus laevis oocytes.
Poly(A)-mRNA was extracted (see Acknowledgements) from day 14 rat or day 19 embryonic chicks using a phenol (Kirby, 1968) or guanidinium thiocyanate extraction method (Chirgwin et al., 1979; Barnard et al., 1984) (Fig. I) . mRNA was isolated from total RNA by oligo(dT)-cellulose chromatography (Aviv & Leder. 1972 ) and subsequently injected into stage V and VI immature Xenopus laevis oocytes (Dumont, 1972) . After injection with mRNA, the oocytes were incubated at 21'C for 1-6 days in a modified Barth's medium before electrophysiological recording using conventional current-clamp or voltage-clamp techniques. The cells were placed individually into a 'pocket' formed by insect pins, and superfused with a frog Ringer containing (mM): NaCl 118, KCI 1.9, CaClz 2.0, NaHCO, 2.4, pH 7.4, at room temperature (2&23 C).
The bath-application of GABA ( I -6 4 0~~) to oocytes injected with chick brain mRNA usually evoked a membrane depolarization and a reversible increase in membrane conductance, which at low concentrations showed little evidence of any desensitization (Smart et al., 1983) . Similarly, oocytes injected with rat brain mRNA displayed a sensitivity to GABA and also to glycine ( 2 0~~-1 . 6 m~; Houamed et al., 1984) ; however, both these responses exhi- 
GABOB and GUAC obtained from a single oocyte injected with chick brain mRNA
The ordinate represents membrane conductance measured under voltage clamp at a holding potential of -60 mV. The absicissa represents bath-applied agonist concentration. Note that the GUAC curve had a more shallow slope compared with the slopes of the GABA, GABOB and muscimol curves.
bited a more overt densitization during the maintained application of the agonist. Non-injected cells were quite unresponsive to GABA or glycine. Our primary interest was to characterize the expressed GABA receptor according to three major criteria: (i) the identification of the ionic mediator of the GABA-evoked conductance, (ii) the definition of the agonist specificity of the receptor, and (iii) the investigation of the receptor sensitivity to some established GABA antagonists. The fulfilment of these criteria would then enable a direct comparison with GABA receptors present in their native neuronal environment. GABA responses induced after injections of either chick or rat brain mRNA decreased on depolarizing the cell, and eventually reversed at -30mV, which is close to the C1-equilibrium potential in these cells (cf. Kusano et al., 1982; Smart et al., 1983) . Glycine responses also reversed near to -30 mV (Houamed et al., 1984) . This GABA receptor was also activated by 3-aminopropanesulphonic acid (3-APS), muscimol, as well as by y-amino-fl-hydroxybutyric acid (GABOB) and guanidoacetic acid (GUAC). Muscimol was approximately four times more potent and GABOB one-tenth as potent as GABA. GUAC showed a lower affinity for the GABA recognition site compared with GABA, muscimol and GABOB, and its dose-conductance curve exhibited a more shallow slope (Fig. 2) . Overall, the order of potency for the agonists on the induced 'chick-brain' GABA receptor was:
The log-log plot of the GABA dose-conductance relationship ( Fig. 3 ) had a limiting slope of -2 at low GABA doses, suggesting that the binding of at least two GABA molecules were necessary for initiating current flow through the GABA ionophore. The limiting slope of the curve approaches 2 at low GABA concentrations, suggesting a bimolecular interaction of GABA with the receptor.
In the vertebrate CNS, GABA receptors which gate CI channels are usually designated as GABAA. These receptors typically possess binding subunits for modulators such as benzodiazepines and barbiturates, in addition to antagonistbinding sites for picrotoxinin and bicuculline (Olsen, 198 
I).
We were able to directly verify the existence of all these binding sites/subunits on the newly synthesized GABA receptor, by the modulation of the GABA-induced conductance change. GABA responses were readily enhanced by 25-100 pM-pentobarbitone and also by 1-10 pM-chlorazepate. In addition, 1-5 p~-picrotoxinin produced a large 'noncompetitive'-type depression in the GABA dose-response curve, whereas bicuculline (0.1-15 PM) induced a 'competitive'-type of inhibition which, from a Schild analysis, provided a PA, value of -6.0 (Smart et al., 1986) . These data suggest that the GABA receptor primarily expressed in the oocyte is of the GABA,-type. However, the baclofensensitive, bicuculline-insensitive GABA, receptor (Bowery et al., 1980) has not yet been resolved; this could imply either that the receptor is not expressed, or perhaps the receptor protein is devoid of its 'normal' in viva ion channel, or it is unable to couple with a suitable endogenous ion channel, or second messenger system. The GABA, receptor expression was occasionally variable. If all the available, membrane-situated GABA receptors were activated by a supramaximal dose of GABA (640 ~M -I mM), the maximum conductance obtained was usually between IL12pS. The channel conductance for a single GABA-operated CI channel has been directly measured to be approx. 28.5 pS (Miledi et al., 1983) . If it is assumed that the single channel conductances summate linearly in producing the overall response, and, somewhat unrealistically, the GABA channel has an open probability of 1 in the presence of high doses of GABA, then this suggests between -35000 and 420000 GABA receptorchannel complexes are functionally available in the cell membrane. If this number of protein complexes (which is probably an underestimate), is distributed uniformly throughout the oocyte membrane (oocyte surface area is assumed to be -20 times that of a 1 mm sphere due to the presence of microvilli and crypts; Kado et al., 1981) then the corresponding receptor density would range between one receptor per 15&1800pm2, which is rather sparse. The expressed GABA receptors remained functional in the membrane for at least 1 week after injection and exception-I987 619th MEETING, CAMBRIDGE ally. up to 3 weeks; however, the oocytes usually deteriorated before 3 weeks, even in Barth's medium. Our data indicate that the GABA receptor is expressed in the oocyte membrane with many, if not all, of the modulatory binding subunits which it possesses in its native environment, but whether this expression depends on one very large mRNA, or on a 'family' of mRNAs, is presently unclear. Certainly, the GABA, receptor protein can now be isolated and purified from CNS tissue (Sigel et al., 1982; Stephenson, 1985) and incorporated into phospholipid vesicles (Sigel et al., 1985) gesting that the GABA-and benzodiazepine-binding sites are located on an integral protein complex, whereas certain antagonist-binding sites may be located on discrete subunits. We further characterized the pharmacological spectrum of our GABA, receptor by using the potent 'cage convulsant' compound t-butylbicyclophosphorothionate (TBPS) which can bind to the picrotoxinin-binding site on the neuronal GABA-receptor complex (Squires et al., 1983; Jalilian Tehrani et al., 1986) . TBPS (25-100nM) potently antagonized GABA responses on the Xenopus oocyte (Van Renterghem et al., 1986) . The GABA doseeresponse curve was shifted laterally with a concomitant reduction in the maximum GABA response (Fig. 4) . Interestingly, this type of inhibition was neither competitive, nor purely noncompetitive, but was more in accordance with a 'mixedtype' of antagonism previously observed to account for the picrotoxinin inhibition of GABA responses on crustacean muscle (Smart & Constanti, 1986) . The attainment of a steady-state block with TBPS was not wholly dependent on the antagonist preincubation time, but seemed also to require the presence of GABA. Even if the oocyte was incubated in TBPS for over 30 min, the onset of the TBPS block was still apparent on applying a constant, periodic dose of GABA (Fig. 5a) . A steady-state block was then usually achieved after two to three consecutive doses of GABA (Fig. 56) . Similarly, the recovery from the TBPS block was very slow, but could be increased by applying regular doses of GABA during the washout period (Fig. 5h) . Thus, the TBPS blockade exhibited an agonist-dependent onset and offset rate (Van Renterghem et al., 1986) . This suggested, perhaps, that activation of the GABA-receptor channel complex was a prerequisite for successful TBPS binding; however, this does not necessarily imply that the site of action for TBPS was located in the channel lumen, since the degree of antagonism decreased on increasing the agonist concentration, precisely the opposite of that expected for an open channel blockade. These phenomena are also similar to those observed for the picrotoxinin antagonism of GABA on crustacean muscle (Smart & Constanti, 1986) , where an analysis of the inhibition suggested a preferential antagonist binding to the liganded receptor-closed channel state. Although TBPS blocked the GABA-induced CI-conductance, it was ineffective at blocking other expressed or endogenous CI conductances present in the oocyte membrane, e.g. those activated by 5-hydroxytryptamine or by carbachol (muscarinic). The spontaneous CI-current fluctuations observed in many oocytes (Kusano et al., 1982) were also unaffected by TBPS (Van Renterghem et al., 1986) . These data further enhance the reputation of the Xenopus oocyte system for translating and correctly processing 'foreign' mRNA. The properties of the GABA, receptor in the oocyte were remarkably similar to those observed in neuronal membranes, implying that the phospholipid environment may play only a minor role in modulating receptor operation.
The glycine receptor expressed from rat brain mRNA gated a CI channel and was antagonized by 1 -1 0~~-strychnine (Houamed et al., 1984) , but any further detailed analysis of its properties must await the advent of more specific pharmacological probes.
In addition to the expression of ligand-activated ion channels (summarized in Table l), other membrane components mediating cell excitability can be synthesized and functionally inserted in the oocyte membrane, namely voltageactivated Na+ and Ca2+ channels. Using mRNA from rat brain, heart and skeletal muscle, Dascal et al., (1986) have succeeded in incorporating probably two distinct Ca2+ channels distinguishable from the endogenous Ca2+ channel supporting the Ca*+-activated CI current found in oocytes (Miledi, 1982; Barish, 1983) . A summary of the principal ion channel proteins that have been expressed to date in the Xenopus oocyte is presented in Table 2 . Using chick brain mRNA we have incorporated a Na+ channel, that may be responsible for mediating Na+ influx during the neuronal action potential, into the Xenopus oocyte membrane (cf. Sumikawa et al., 1984~) . This channel was easily distinguishable from another endogenous channel mediating a much slower, non-inactivating Na+ influx under a maintained depolarization lasting several seconds (Baud et al., 1982) . The endogenous channel was blockable by 0.5 mMtetrodotoxin (TTX), whereas the newly synthesized channel was blocked by 0.5-1 PM-TTX. Voltage-operated Na+ and K + channels have also been expressed after injection with rat brain, cat muscle (Gundersen et al., 1 9 8 4~) and electric organ (Hirono et al., 1985) mRNA's.
Although many of the experiments described here could well have been performed on native neurons, the oocyte would probably be the cell of choice in facilitating future research into drug receptor mechanisms. Some of our current questions include: (i) Does the GABA-receptor complex possess an integral channel protein subunit, as for the nicotinic acetylcholine (AChtreceptor complex (Mishina et al., 1984) , or is the receptor coupled to an endogenous CIV ion channel? The latter notion may seem unlikely, particularly since the highly specific GABA antagonist TBPS only inhibited GABAinduced CI-conductances. This, however, does not detract from the possibility of TBPS binding to an allosteric site on the GABA 'receptor' and then influencing ion channel operation, irrespective of the origin of the ion channel.
(ii) Is more than one mRNA responsible for the synthesis of the GABA-receptor complex? If these can be identified, then it may be possible, by manipulating the injected mRNA, to either construct receptors deficient in certain subunits, or receptors with heterogeneous subunits from 619th MEETING. C A M B R I D G E (Sakmann Et ul., 1985) .
(iii) What is the percentage homology between the subunit structures of the vertebrate and invertebrate muscle GABA receptors'? Is it possible that the structures are very similar but that the apparent differences in pharmacology are due to further development of additional modulatory benzodiazepine/barbiturate-binding subunits on the vertebrate receptor? This is an important observation because although the known structure of PtdIns4P (Tomlinson & Ballou, 1961) dictated that any InsP, formed from that lipid was Ins( 1,4)P,, there was no reason to suppose that the same InsP, would be the product of Ins( 1,4,5)P, metabolism, and the existence of a specific and active enzyme removing the 5-phosphate from Ins(1,4,5)P, was in itself indirectly suggestive of a function for that molecule.
The experimental demonstration of the rapid production of Ins(1,4,5)P3, and so the specific suggestion of its second messenger function, was first made by Berridge (1 983) in blowfly salivary glands, and similar observations were made in GH, cells by Rebecchi & Gershengorn (1983) , Martin (1983) and Drummond et al. (1984) . The ability of Ins( 1,4,5)P, to mobilize Ca2+ from intracellular stores has been reviewed by Berridge & Irvine (1984) and Berridge (1986) and will not be discussed further here. Suffice to say that the role of lns(1,4,5)P, as a second messenger whose function is to mobilize Ca2+ from the endoplasmic reticulum, is now well established.
The second area of recent interest in inostiol phosphates concerns the possibility of a cyclization of the 1-phosphate to the 2-hydroxyl not only in l n s l P [to form lns(1,2 cyc)P; see Dawson et al., 19711, but also in Ins(l,4)P2 and Ins( 1,4,5)P, [yielding Ins( 1,2 cyc, 4)P, and Ins( 1,2 cyc 4,5)P, respectively]. Wilson et al. (1 9854 showed that PtdIns(4,5)P2 phosphodiesterase produced some Ins( 1,2 cyc 4,5)P2 when hydrolysing its substrate, and have also shown that this is probably catabolized by sequential removal of the 5-and 4-phosphateq i.e. that the 1,2 cyclic bond is only hydrolysed in the monophosphate (Conolly et al., 1986) , probably by the Ins( 1,2 cyc)P phosphodiesterase originally described by Dawson & Clarke (1 972). Ins( 1,2 cyc 4,5)P, will mobilize Ca2+ from intracellular stores (Wilson et al., 1985b) , but the most interesting observation concerning this compound is that it apparently has physiological effects distinct from Ins( 1,4,5)P, on injection into Limulus photoreceptors (Wilson et al., 19856) . This has led to the idea that it may have entirely distinct functions. That may prove to be so, but I feel that it is difficult to interpret quantitatively effects of the rapid injection of high concentrations of a physiologically active compound into a rapidly responding tissue, and as yet any function, other than as an adjunct to Ins( 1,4,5)P, as a Ca2+ mobilizer, is hypothetical. As yet we lack definitive evidence that Ins( 1,2 cyc 4,5)P, is actually produced in stimulated tissues, and the whole question of the importance of the cyclic forms of inositol phosphates is still wide open.
The third complication in the inositol phosphate story is the discovery of the InsP,/InsP, pathway, and the presence of higher inositol phosphates in mammalian tissues. The
